INTRODUCTION 8
Smart adhesives can transform reversibly between its adhesive and non-adhesive states with an 9 externally applied stimulus. This property is particularly important for the development of painless 10 and removal dressings, sustainable packaging materials, recyclable bonded structures, and robust 11 walking mechanisms for microrobotics. [1] [2] [3] [4] Currently available smart adhesives are limited by the 12 need for elevated temperatures for debonding, 3 adhesion to a specific substrate, 5 or poor adhesion 13 in a wet environment. 4 In particular, the presence of a liquid layer on the substrate acts as an 14 obstacle to adhesion, making most synthetic adhesives ineffective in a wet environment. [6] [7] [8] recently reported different catechol-based adhesives that are responsive to light, 15 enzyme, 16 or 1 temperature.
2
The adhesive property of catechol is highly dependent on its oxidation state. [18] [19] [20] [21] At an acidic pH, 3 catechol is in its reduced state, and forms strong interfacial bonds with inorganic substrates. 10 
4
However, when the pH approaches the dissociation constant of catechol (pKa ≈ 9.3), catechol is 5 progressively oxidized and its strength of interfacial interaction is significantly reduced. 10 
6
Recently, we exploited this pH-dependent adhesive property of catechol to design a smart 7 adhesive. 22 This adhesive consisted of both network-bound catechol and boronic acid, which 8 demonstrated elevated adhesion at pH 3.0. At pH 9.0, the formation of catechol-boronate complex 9 reduced the measured work of adhesion by over an order of magnitude. Boronic acid not only 10 contributed to adhesion, but also protected catechol from irreversible oxidation and crosslinking. 11
Even though the ideal pH for catechol-boronate complexation is 9.0, 22, 23 the complex forms 12 readily at a neutral and mildly basic pH, 24 which will limit the potential for using this smart 13 adhesive for applications at physiological or marine pH ranges (i.e., pH 7. 5-8.5) . 25, 26 14 To tune the pH of catechol-boronate complexation, we introduced an acidic anionic monomer, 15 acrylic acid (AAc), into the adhesive network. Incorporating an acidic moiety has been 16 demonstrated to preserve the catechol in its reduced state. 27, 28 Similarly, we previously 17 demonstrated that the incorporation of AAc preserved the reduced and adhesive state of catechol 18 even at a pH of 8.5, potentially due to the localized buffering capacity of the carboxylic acid side 19 chain. 29 We hypothesized that incorporating AAc will shift the catechol-boronate complexation 20 pH to a more basic pH, and thus control the pH at which the adhesive transitions between adhesive 21 and non-adhesive states. 22 submerging glass slides (Fisher Scientific; cat. no. 12-550-A3; Hampton, NH) in a solution 1 containing 0.5 mL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane and 49 mL of toluene for 20 2 min, washed three times with fresh toluene, and air-dried. Adhesive hydrogels were prepared by curing precursor solutions containing 1 M HEAA with 10 5 mol % of DMA, 10 mol % of APBA and 0-30 mol % of AAc dissolved in 40 % (v/v) DMSO and 6 deionized (DI) water. The cross-linker (MBAA) and photoinitiator (DMPA) were kept constant at 7 3 and 0.1 mol %, respectively. All of the monomer, cross-linker, and photoinitiator concentrations 8 in the precursor solutions were reported in relation to the concentration of the HEAA (Scheme 9 S1). Precursor solutions were degassed three times with N2 gas and added to a mold composed of 10 two pieces of glass separated by a silicone rubber spacer (2.0 mm thick). All samples were 11 photocured in an ultraviolet (UV) cross-linking chamber (XL-1000, Spectronics Corporation; 12 Westbury, NY) placed inside a N2-filled glovebox (Plas Laboratories; Lansing, MI) for a total of 13 600 s. 29, 31, 32 After the curing process, all samples were washed in a pH 3.0 solution overnight to 14 remove any unreacted monomers. Samples for swelling and rheometry experiments were formed 15 into a disk shape using a punch with a diameter of 7.9 mm. They were further rinsed twice in 16 deionized (DI) water and equilibrated at the desired pH for 24 h with constant nutation. For contact 17 mechanics tests, hemispherical samples were prepared by irradiating 50 μL of the precursor 18 solution on a hydrophobic, fluorinated glass slide with UV and purified in the similar manner as 19 described above. 29 Adhesive compositions were abbreviated as DxByAz where x, y and z denote 20 the mol % of DMA, APBA and AAc respectively, in relation to HEAA. 21
Equilibrium Swelling 1
Hydrogel discs (thickness = 2.0 mm and diameter = 7.9 mm) were equilibrated at different pH 2 levels for 24 h, and then dried in vacuum for at least 48 h. The masses of the swollen (Ms) and 3 dried (Md) samples were obtained to determine the equilibrium swelling ratio by using the 4 equation:
The samples were freeze-dried, crushed into powder using a mortar and pestle, and analyzed using 7 a PerkinElmer Frontier Spectrometer fitted with a GladiATR TM accessory from Pike Technologies. 8
Oscillatory Rheometry 9
Hydrogel discs (thickness = 2.0 mm and diameter = 7.9 mm), were compressed to a fixed gap of 10 1800 μm using an 8 mm diameter parallel plate geometry. The storage (G′) and loss (G′') moduli 11 were determined in the frequency range of 0.1-100 Hz and at a constant strain of 8 % using a TA 12 Discovery Hybrid Rheometer-2 (TA Instruments; New Castle, DE). 13
Contact Mechanics Test 14
JKR contact mechanics tests were performed using a custom-built setup comprising of a 10-g load 15 cell (Transducer Techniques; Temecula, CA) and a miniature linear stage stepper motor (MFA-16 PPD, Newport; Irvine, CA). Hemispherical adhesives were affixed to an indenter stem 17 Transducer Techniques; Temecula, CA) using Super Glue (Adhesive Systems MG 100) and 18 compressed at a rate of 1 µm/sec against a buffer-wetted quartz surface until a fixed maximum7 preload of 20 mN was reached ( Figure S1) . 22, 29 The hemispheres were then retracted at the same 1 speed. One contact cycle comprised of bringing the hemispheres into contact with the substrate at 2 a constant speed until the fixed preload was reached and then retracting it at the same speed. 3
Two types of adhesion tests were performed. For the first test, samples were equilibrated at pH 4 3.0, 7.5, 8.5 or 9.0 for 24 h and tested against a quartz slide wetted with 25 μL of buffer with the 5 same pH to determine the effect of AAc concentration on interfacial binding properties at these 6 different pH levels. For the second test, adhesives were examined for their ability to switch 7 between adhesive and non-adhesive states in response to pH. A single sample was subjected to 3 8 successive contact cycles. Samples were first incubated at pH 7.5 for 3 h. The first and the second 9 contacts were carried out in the presence of pH 7.5 and 9.0, respectively, while the third contact 10 was carried out in the presence of either pH 7.5, or pH 3.0. Between two cycles, the samples were 11 incubated for 30 min in a custom-built well that contained ≈ 350 μL of either pH 9.0 (between first 12 and second cycle), or pH 7.5 or 3.0 (between second and third cycles) buffer solution. In order to 13 ensure that the target pH was reached before testing (i.e., pH 9.0 for incubation prior to the second 14 cycle), the custom-built well was rinsed twice with ≈ 350 μL of buffer with the desired pH before 15 the start of the subsequent cycle. Additionally, the medium used to incubate the hemispherical 16 adhesive was changed every 10 min during the 30 min incubation period. 17
The force (F) versus displacement (δ) curves were integrated to determine the work of adhesion 18 (Wadh), which was normalized by the maximum area of contact (Amax) by using the following 19 equation:
Amax was calculated by fitting the loading portion of the F versus δ curve with the Hertzian 1 model: Up to 30 mol % of AAc was formulated into an adhesive hydrogel containing DMA and APBA 3 and its effect on the formation of catechol-boronate complex and interfacial binding property were 4 evaluated over a wide range of pH (3.0-9.0). pH 3.0 was chosen because the adhesive properties 5 of catechol with inorganic substrates at this pH have been widely documented. 20, 29 Additionally , 6 we have previously confirmed that adhesives containing both DMA and APBA do not form 7 complex at this pH.
22 pH 7.5 and 8.5 were chosen to represent physiological and marine pH 8 ranges.
25, 26 pH 9.0 was selected to promote the formation of the catechol-boronate complex and 9 to inactivate the adhesive. Equilibrium swelling tests were performed to confirm the addition of AAc in the adhesives. The 12 equilibrium swelling ratio of AAc-containing adhesives increased with increasing pH (Figure 1) . 13 Additionally, formulations containing higher AAc concentrations also demonstrated higher 14 increase in swelling with increasing pH. For example, the equilibrium swelling ratio of 15 D10B10A30 exhibited the highest difference between values measured at pH 9.0 and 3.0 (over 2 16 fold increase). The carboxylic acid side chain of AAc becomes progressively deprotonated with 17 increasing pH (pKa ≈ 4.25). 36 The negatively charged AAc resulted in charge repulsion of the 18 polymer chains and increased the swelling ratio of the adhesive network. All adhesive formulations exhibited signature peaks for HEAA (−OH 3400-3000 cm -1 , secondary 6 amide -NH 1680-1630 cm -1 , and C═O 1600-1500 cm -1 ), and benzene rings (1500-1400 and 800-7 700 cm -1 ) in their FTIR spectra (Figures 2 and S2) . 31, 38 Formulations containing AAc also exhibit 8 characteristics peak of carboxylic acid (-C═O ≈ 1700 cm -1 ), 38 which increased in peak intensity 9 with increasing AAc content in the adhesive (Figure 2a) . With increasing pH, formulations 10 containing both DMA and APBA exhibited a new peak at 1490 cm -1 (arrows in Figure 2 ). This 11 peak corresponds to the benzene ring stretch as a result of catechol-boronate complexation.
22, 39 12
For formulations with no AAc or low AAc content (e.g., D10B10A0 and D10B10A10, 13 respectively), this new peak appeared at a pH as low as 7.5 (Figure 2b ). For formulations with 14 higher AAc concentrations (e.g., D10B10A20 and D10B10A30), the complexation peak was not 15 observed until a pH of 8.5 (Figure 2c) . FTIR results confirmed that the presence of the acidic AAc 16 monomer interfered with the formation of catechol-boronate complexation, potentially due to theability of the network-bound anion to maintain a more acidic pH environment within the adhesive 1 network. Adhesive formulations with elevated AAc contents required a higher pH in the incubation 2 medium to form the complex. FTIR spectra for formulations that did not contain both DMA and 3 APBA (e.g., D0B10A20, D10B0A20) did not exhibit a peak at 1490 cm -1 (Figure S2 ), further 4 confirming that this peak is attributed to the catechol-boronate complex. to the dissipation of reversible physical bonds between catechol and boronic acid within the 7 polymer network. 40, 41 We have previously observed a similar pH-induced change in the measured 8
G" values as a result of catechol-boronate complexation.
22 For D10B10A0, the onset of change in 9 the G" values occurred between pH 3.0 and 7.5 (Figure 3a) . With increasing AAc content, a higher 10 solution pH was required to induce a similar increase in the G" values. interfacial binding property over a wide range of pH (3.0-9.0) using quartz (SiO2) surface as the 7 test substrate (Figure 4) . Adhesive formulation without AAc (e.g., D10B10A0) exhibited the 8 strongest adhesive interaction with quartz at pH 3.0 (Wadh = 1830 ± 170 mJ/m 2 , Sadh = 10.8 ± 0.209 9 kPa), when both the reduced form of catechol and the boronic acid contributed to strong interfacial 10 interaction (i.e., hydrogen bonding) with the quartz surface. 10, 22 Correspondingly, all formulations 11 exhibited low G" values (≈ 10 2 Pa, Figure 3 ). When D10B10A0 was incubated at a pH of 7.5 or 1 higher, there was a significant decrease in the measured adhesive values (Wadh = 487 ± 21.9 mJ/m 2 , 2 Sadh = 4.66 ± 0.704 kPa for pH 7.5). The measured adhesive values for D10B10A0 further 3 decreased with increasing pH (Wadh = 264 ± 10.1 mJ/m 2 , Sadh = 0.515 ± 0.613 kPa for pH 9.0). 4
Both FTIR and rheometry results (Figures 2 and 3, respectively) indicated that catechol-boronate 5 complexation formed at a pH as low as 7.5 for D10B10A0, suggesting that the formation of the 6 complex limited the availability of the adhesive molecules for interfacial binding. A large 7 reduction in the measured adhesive values at a neutral to mildly basic pH made D10B10A0 8 impractical for many applications at this pH range. Additionally, at low AAc concentration, the 9 adhesive values for D10B10A10 at pH 3.0 were lower than the other tested formulations. This is 10 perhaps due to the H-bond interactions between AAc chains in the bulk, 42 which interfered with 11 the ability of catechol to form interfacial bonds. 12 Incorporating 20 mol % or higher AAc resulted in a significant increase in the measured adhesive 13 values at both pH 7.5 and 8.5 (Figure 4 and Table S2 ). For example, measured Wadh values for 14 D10B10A20 and D10B10A30 equilibrated at pH 7.5 were 3 fold higher when compared to those 15 measured for D10B10A0. This indicated that network-bound AAc was able to counteract the 16 solution pH and maintain a local acidic pH within the adhesive network.
29 At pH 7.5, no catechol-17 boronate complex peaks were observed for both D10B10A20 and D10B10A30 (Figure 2b) , and 18 these formulations also exhibited low G" values (≈ 10 2 Pa; Figures 3c and 3d ). These observations 19 further suggest that both DMA and APBA were available for strong interfacial binding at pH 7. 5. 20 With further increase in pH, measured adhesive values decreased. At pH 8.5, both D10B10A20 21 and D10B10A30 showed complexation peak in their FTIR spectra (Figure 2c) , which 22 correspondingly resulted in reduced adhesion, and D10B10A20 also exhibited high G" values (≈ 23 and all formulations exhibited high G" values (10 3 -10 4 Pa, Figure 3) . Although the incorporation 4 of AAc preserved the interfacial binding property of the adhesive at a neutral to mild basic pH, the 5 anion lost its buffering capability at an elevated pH, which was corroborated with elevated G" 6 values. Nevertheless, the Wadh values for D10B10A20 at pH 7.5 and pH 8.5 were 18 and 7 fold 7 higher, respectively, when compared to values measured at pH 9.0. This difference in the measured 8 adhesive values makes the adhesive a good candidate to function as a smart adhesive. 9 10 Figure 4 . Work of adhesion (Wadh) (a) and adhesion strength (Sadh) (b) for single contact 11 experiments tested between wetted quartz substrate and adhesive equilibrated at pH 3.0, 7.5, 8.5 12 or 9.0 (n = 3). Refer to Table S2 for statistical analysis. 13
Contact Mechanics Test: Reversible Adhesion Testing 14
To evaluate the feasibility for AAc to control the pH responsive characteristics of the catechol-15 boronate complex, adhesive samples were subjected to three successive contact cycles at pH 7.5, 16 at pH 7.5 (Wadh = 677 ± 173 mJ/m 2 , Sadh = 4.76 ± 0.557 kPa) and significantly reduced adhesion 1 during the second contact at pH 9.0 (Wadh = 230. ± 33.2 mJ/m 2 , Sadh = 2.59 ± 0.185 kPa) as 2 expected. However, the adhesion values remained low for the final contact at pH 7.5 (Wadh = 311 3 ± 174 mJ/m 2 , Sadh = 2.80 ± 1.13 kPa). The adhesive samples were incubated for only 30 min at pH 4 7.5 in between the last two contact cycles and may not have had sufficient ionic exchange to break 5 the strong, reversible complex. D10B10A0 was not responsive to changes in pH as the catechol-6 boronate complexation readily formed at a pH 7.5 and higher and it does not contain anionic 7 monomer to modulate complexation pH. 8 9 Figure 5 . Averaged Wadh (a) and Sadh (b) for adhesives tested in three successive contact cycles 10 using quartz as the substrate (n = 3). * p < 0.05 relative to the values obtained from the second 11 contact cycle at pH 9.0 for a given formulation. 12
To confirm the reversible nature of the catechol-boronate complex, the pH for the third contact 13 cycle was lowered to 3.0 (Figures 6 and S5) . D10B10A20 exhibited elevated and reduced 14 adhesion at pH 7.5 (Wadh = 663 ± 65.1 mJ/m 2 , Sadh = 5.63 ± 0.488 kPa) and 9.0 (Wadh = 85.9 ± 15 47.6 mJ/m 2 , Sadh = 1.34 ± 1.03 kPa), respectively, as observed in the previous series of reversible 16 adhesion testing ( Figure 5) . However, when the pH was decreased to 3.0 during the third contact 17 cycle, the adhesive recovered its adhesive properties (Wadh = 1540 ± 171 mJ/m 2 , Sadh = 6.99 ± 18 0.983 kPa). The measured Wadh and Sadh values were 17 and 5 fold higher, respectively, when 1 compared to values measured for the second contact at pH 9.0. Similarly, D10B10A0 exhibited 2 low adhesive properties during the first two contact cycles conducted at pH 7.5 and 9.0, but 3 recovered elevated adhesive properties during the third contact cycle conducted at pH 3.0 (Wadh = 4 1800 ± 439 mJ/m 2 , Sadh = 9.20 ± 1.19 kPa). These observations indicate that the catechol-boronate 5 complex within the adhesive remained reversibly bonded, and an acidic pH was required to break 6 the complex and recover the strong interfacial binding. 7
During both series of reversible adhesion testing (Figures 5 and 6) , the presence of boronic acid 8 in D0B10A20 contributed to adhesion potentially via hydrogen bonding or electrostatic 9 interaction.
22 However, D0B10A20 did not demonstrate pH responsive adhesive property, 10 indicating that the presence of boronic acid alone was not sufficient to design a smart adhesive. 11 D10B0A20 demonstrated reversible adhesion resulting from pH dependent oxidation and 12 reduction of the catechol moiety. Although catechol readily oxidizes at a pH of 7.5, the presence 13 of the network-bound anion preserved the reduced state of catechol for strong adhesion.
29 AAc 14 lost its buffering capacity when the pH was increased to pH 9.0. However, pH 7.5 was insufficient 15 to reduce catechol for strong adhesion and pH 3.0 was required to recover its adhesive property. 16
This observation further confirmed that poor ion diffusion is the main factor that limited pH 17 responsive property of the hydrogel based adhesive. Although D10B0A20 was pH responsive, the 18 measured adhesion values were relatively low when compared to D10B10A20. This confirms our 19 previous findings that both catechol and boronic acid contributed to strong adhesion. Figure 6 . Averaged Wadh (a) and Sadh (b) for adhesives tested in three successive contact cycles 2 using quartz as the substrate (n = 3). * p < 0.05 relative to the values obtained from the second 3 contact cycle at pH 9.0 for a given formulation. 4
The ideal pH for complexation between catechol (pKa = 9.3) 43 and phenylboronic acid (pKa = 5 8.8) 43, 44 has been reported to be the average of their respective pKa values ((9.3+8.8)/2 ≈ 9). 24 As 6 such, the complex forms as the pH approached 9 and resulted in poor adhesion at a neutral and 7 mildly basic pH. The addition of AAc acidified the local pH within the adhesive network and 8 shifted the pH for catechol-boronate complexation to a more basic pH. This disruption of the 9 complex permitted both catechol and phenylboronic acid to participate in strong interfacial binding 10 at pH 7.5 to 8.5 (Scheme 1). Incorporation of elevated amount of AAc did not prevent 11 complexation at pH 9.0, which is necessary for the inactivation of the adhesive. Although the JKR 12 technique used to calculate Wadh takes into account only the maximum area of contact and 13 minimizes the sample volume to reduce losses due to the bulk dissipation within the adhesive 14 hydrogel, the hysteresis in the JKR curves which indicates a likely contribution of bulk dissipative 15 behavior due to pH responsive changes in the adhesive network, would require further probing. The presence of the anionic AAc reduced local pH, which prevented catechol-boronate 8 complexation while enabled these adhesive molecules to form strong interfacial bonds with the 9 quartz substrate even at a neutral mildly basic pH (a). When the pH was raised to a more basic 10 value (i.e. pH 9.0), AAc lost its buffering capacity, which resulted in the formation of the catechol-11 boronate complex while inactivating the adhesive (b). Decreasing the solution pH to pH 3.0, 12 effectively breaks the catechol-boronate complex and recovers strong interfacial binding behavior 13 of the adhesive molecules (c). 14 15 CONCLUSIONS 16 DMA and APBA-containing adhesive hydrogels were formulated with up to 30 mol % of AAc to 17 tune the pH responsive characteristics of catechol-boronate complexation. FTIR and rheometry 18 confirmed that formulations with elevated AAc contents required a higher pH to form the catechol-19 boronate complex, which corresponded to elevated adhesive property measured at a neutral to 20 mildly basic pH (pH 7. 5-8.5) . This is potentially due to the ability for the anionic AAc side chain 1 to acidify the local pH within the adhesive network. At pH 9.0, measured adhesive values reduced 2 dramatically due to the formation of the catechol-boronate complex. The catechol-boronate 3 complex remained reversible and the interfacial binding property of the adhesive was successfully 4 tuned with changing pH in successive contact cycles. However, an acidic pH (pH 3.0) was required 5 to break the catechol-boronate complex to recover the elevated adhesive property. We thank Randall Wilharm for the synthesis of DMA. 5 6 
